To assess the effect of lupin protein on concentrations of lipids in plasma lipoproteins and liver and hepatic mRNA concentrations of genes involved in lipid metabolism, adult rats were fed egg albumin-based diets containing either lupin protein from Lupinus albus or casein (50 g/kg) supplemented (hypercholesterolaemic) or not (normolipaemic) with a cholesterol -cholate mixture for 20 d. Lupin protein compared with casein lowered the concentrations of TAG in liver (P, 0·01) and circulating VLDL þ chylomicrons (P,0·05) of hypercholesterolaemic rats, but not of normolipaemic rats. Hepatic mRNA concentrations of genes involved in fatty acid synthesis such as sterol regulatory element-binding protein-1c, glucose-6-phosphate dehydrogenase, fatty acid synthase, stearoyl-CoA desaturase-1 and acyl-CoA:glycerol-3-phosphate acyltransferase were lower and mRNA concentrations of lipoprotein lipase, hepatic lipase and apoA5 involved in TAG hydrolysis were higher in rats fed lupin protein than in rats fed casein. These effects were stronger in hypercholesterolaemic rats than in normolipaemic rats. Hypercholesterolaemic rats fed the lupin protein had higher liver cholesterol concentrations (P, 0·01) and lower levels of LDL-cholesterol (P, 0·05) than rats fed casein. No effect of lupin protein was observed on cholesterol concentration in VLDL þ chylomicrons and HDL and hepatic mRNA concentrations of genes involved in cholesterol and bile acid metabolism. In conclusion, the present study shows that lupin protein has hypotriacylglycerolaemic action possibly via down regulation of fatty acid synthesis genes and up regulation of genes involved in TAG hydrolysis. Alterations in cholesterol metabolism could not be explained on the basis of mRNA data. Grain legumes are a valuable source of food proteins. Soyabean protein is among the most important legume proteins used for human nutrition. Besides its nutritional value, soyabean protein has been known to exert hypocholesterolaemic (1 -6) and hypotriacylglycerolaemic (5, 7, 8) action in laboratory animals, pigs and human subjects when compared with casein. Another protein-rich legume besides soya is lupin which has been cultivated for centuries, mainly for domestic animal feed, but also for human nutrition. Nowadays, four Mediterranean species of lupin (Lupinus albus, L. angustifolius, L. luteus and L. mutabilis) are cultivated for nutrition and they are referred to as sweet lupins since they contain smaller amounts of toxic alkaloids than the bitter varieties. The protein and amino acid contents of lupin seeds and soya are very similar, but the amount of isoflavones is minimal in lupin (9, 10) . Sirtori et al. (9) have recently shown that lupin protein extract reduces cholesterolaemia in hypercholesterolaemic rats. These authors also found that lupin protein increases the activity of the LDL receptor in HepG2 cells, which could be an explanation for the hypocholesterolaemic effect observed in vivo. They also found a reduction of plasma TAG when hypercholesterolaemic rats were fed lupin protein, although possible mechanisms for the hypotriacylglycerolaemic effect have not been identified.
Grain legumes are a valuable source of food proteins. Soyabean protein is among the most important legume proteins used for human nutrition. Besides its nutritional value, soyabean protein has been known to exert hypocholesterolaemic (1 -6) and hypotriacylglycerolaemic (5, 7, 8) action in laboratory animals, pigs and human subjects when compared with casein. Another protein-rich legume besides soya is lupin which has been cultivated for centuries, mainly for domestic animal feed, but also for human nutrition. Nowadays, four Mediterranean species of lupin (Lupinus albus, L. angustifolius, L. luteus and L. mutabilis) are cultivated for nutrition and they are referred to as sweet lupins since they contain smaller amounts of toxic alkaloids than the bitter varieties. The protein and amino acid contents of lupin seeds and soya are very similar, but the amount of isoflavones is minimal in lupin (9, 10) . Sirtori et al. (9) have recently shown that lupin protein extract reduces cholesterolaemia in hypercholesterolaemic rats. These authors also found that lupin protein increases the activity of the LDL receptor in HepG2 cells, which could be an explanation for the hypocholesterolaemic effect observed in vivo. They also found a reduction of plasma TAG when hypercholesterolaemic rats were fed lupin protein, although possible mechanisms for the hypotriacylglycerolaemic effect have not been identified.
The present study was performed to gain further insights into the lipid-modulating effect of lupin protein. Since previous studies have found that the hypocholesterolaemic effect of soya is particularly evident in hypercholesterolaemic individuals, but is less consistently evident in normocholesterolaemic individuals (for a review, see Carroll (11) ) we assume that the effect of lupin protein on lipid metabolism depends on the basal levels of circulating lipids. Hence, we tested the effects of lupin protein on lipid metabolism in rats fed a normolipaemic diet or a hypercholesterolaemic diet containing cholesterol and cholate. In most rat studies dealing with the effects of plant proteins on lipid metabolism the test protein was added to the diet in large amounts up to 25 % as an exclusive protein source (7,8,12 -14) . In the present study we decided to add the dietary test protein in an amount of 5 % because we assume that those moderate amounts reflect the actual nutritional situation much better than large amounts. Adult rats were used for the present study because recent data on the effects of rice protein on lipid metabolism of rats found a stronger lipid-lowering effect of the plant protein in adult rats weighing about 400 g than in growing rats weighing about 200 g (14) . Thus, adult rats seem to be an appropriate animal model for the study of protein effects on circulating lipids.
There are two major mechanisms by which lupin protein could act on lipid metabolism. First, lupin protein could act directly or indirectly on enzyme or receptor activities as shown in a recent study in which lupin protein stimulated LDL receptor activity (9) . Another possible mechanism includes the modulation of the transcription levels of genes involved in synthesis, uptake and degradation of lipids. A series of previous studies on the effects of soyabean protein or fish protein could demonstrate protein-specific effects on mRNA concentrations of hepatic genes (5, 8, 15) . It therefore seems likely that lupin protein may also influence lipid metabolism by influencing the transcript levels of genes.
Lipid homeostasis in vertebrate cells is mainly regulated by a family of membrane-bound transcription factors designated sterol regulatory element-binding proteins (SREBP). SREBP are transcription factors which directly activate the expression of more than thirty genes dedicated to the regulation of lipid levels (16 -19) . While SREBP-2 is primarily responsible for the regulation of genes involved in cholesterol biosynthesis and uptake (20 -22) , SREBP-1c is involved in the regulation of genes involved in fatty acid biosynthesis (23) . Recently, the consumption of isoflavone-poor soya protein was shown to reduce the plasma TAG concentration in rats, which was at least partially mediated by influencing gene expression or proteolytic activation of SREBP-1c in the liver (8) . This led us to the hypothesis that lupin protein could also act on hepatic lipid metabolism by influencing gene expression or proteolytic activation of SREBP. To test this hypothesis, we determined hepatic mRNA concentrations of SREBP-1c and 2, their corresponding target genes, as well as concentrations of circulating insulin and glucagon which are known to influence mRNA of SREBP-1c in the liver (24) . However, there are also other genes not depending on SREBP activation which could be responsible for the dietary proteininduced alteration of TAG and cholesterol metabolism. These are genes that play a critical role in hydrolysis of circulating TAG such as lipoprotein lipase (LPL), hepatic lipase (HL) or apoA5 (25, 26) or PPARa-regulated genes involved in the oxidation of fatty acids such as carnitine palmitoyltransferase (CPT)-1a, acyl-CoA oxidase and cytochrome P450 (CYP) 4A1. Hepatic gene expression of cholesterol 7a-hydroxylase (CYP7A1), liver X receptor (LXR), ATP-binding cassette transporter (ABC)-A1, acyl-CoA cholesterol acyltransferase (ACAT), lecithin:cholesterol acyltransferase (LCAT), and class B type I scavenger receptor may also help to elaborate possible mechanisms by which lupin protein may influence lipid metabolism.
In brief, the aim of the present study was to assess possible lipid-lowering properties of protein isolated from white lupin and to elucidate whether lupin protein may alter the metabolism of lipids by influencing the transcript levels of genes involved in the regulation of TAG, cholesterol and bile acid pathways.
Materials and methods

Animals and experimental diets
The study was conducted as a two-factorial design. Forty-eight male Sprague-Dawley rats (Charles River, Sulzfeld, Germany) with an initial body weight of 464 (SD 21) g were randomly assigned to four groups of twelve rats each. All rats were kept individually in Macrolon cages in a room controlled for temperature (22^28C), relative humidity (50-60 %) and a 12 h-12 h light -dark cycle. All experimental procedures described followed established guidelines for the care and handling of laboratory animals and were approved by the council of Saxony-Anhalt, Germany.
All rats were fed two experimental semi-synthetic diets containing 200 g protein/kg each. Two groups of rats received either a normolipaemic diet without additional cholesterol and cholate or a hypercholesterolaemic diet containing cholesterol (10 g/kg) and sodium cholate (5 g/kg) at the expense of cellulose. Each of these groups was fed either total lupin protein extract from L. albus (50 g/kg) or casein (50 g/kg) which served as the control protein. Each diet contained 150 g egg albumin/kg in order to meet the amino acid requirements of the rats. The composition of the semi-synthetic diets is shown in Table 1 . Vitamins and minerals were supplemented according to recommendations of the American Institute of Nutrition for rat diets (27) . Diet intake was controlled to avoid differences in food intake. The amount of food offered per d was slightly below the amount consumed ad libitum. Water was freely available from nipple drinkers. The experimental diets were fed for 20 d. (28) . DM content of the casein and lupin protein extract was 909 and 929 g/kg, respectively; the concentration of protein in DM was 939 and 960 g/kg, respectively. The fat and fibre content was low in both proteins (fat content 9 g/kg DM in casein, 11 g/kg DM in lupin protein; fibre content 4 g/kg DM in casein, 3 g/kg DM in lupin protein). Concentrations of the isoflavones genistein, daidzein and genistin in the lupin protein were analysed by an HPLC method (29) . In brief, lupin protein was extracted with a mixture of methanol and dichloromethane (1:1, v/v). After evaporation of the organic solvents, isoflavones were dissolved in 60 % (v/ v) ethanol and used for a quantitative HPLC analysis of genistein, daidzein and genistin using an Agilent 1100 HPLC system equipped with a Hypersil ODS column (250 £ 4 mm 2 ; 5 mm) at 408C (Agilent Technologies, Waldbronn, Germany). A gradient of acetonitrile and 0·1 % (v/v) of trifluoroacetic acid in water from 1:9 (v/v) to 8:2 (v/v) was used as the mobile phase at a flow rate of 0·8 ml/min. Isoflavones were detected at 259 nm. Genistein, daidzein and genistin concentrations of the lupin protein used in the study were below the detection limits of 2·22 mmol/kg for genistein, 1·18 mmol/kg for daidzein and 1·39 mmol/kg for genistin.
For analysis of the amino acid concentrations in the diets, samples were oxidised and then hydrolysed with 6 M-HCl (30) . Separation and quantification of the amino acids were performed by ion exchange chromatography following postcolumn derivatisation in an amino acid analyser (Biotronic LC 3000; Eppendorf, Hamburg, Germany). Tryptophan was measured after digesting the diets with barium hydroxide by reversed-phase HPLC (31) . The concentrations of amino acids in the lupin protein and casein diets are shown in Table 2 .
Sample collection
Rats were non-fasted before killing by decapitation under light anaesthesia with diethyl ether. The feeding was done to prevent starvation because it is known that food deprivation leads to a significant down regulation of genes encoding the enzymes of lipid metabolism (23) which were to be measured in the present study. Plasma was separated from heparinised whole blood by centrifugation at 1500 g for 10 min at 48C. Liver was excised, weighed and immediately snap-frozen in liquid N 2 . Samples of liver for RNA isolation were stored at 2 808C; other samples were stored at 2 208C.
Plasma and liver lipids
Plasma lipoproteins VLDL þ chylomicrons, LDL and HDL were separated by step-wise ultracentrifugation (900 000 g at 48C for 1.5 h, Mikro-Ultrazentrifuge; Sorvall Products, Bad Homburg, Germany) (32) using appropriate density cuts (VLDL þ chylomicrons, r , 1·006 kg/l; LDL, 1·006 kg/l , r , 1·063 kg/l; HDL, r . 1·063 kg/l) (33) . Plasma densities were adjusted with sodium chloride and potassium bromide. Lipids from liver were extracted with a mixture of n-hexane and isopropanol (3:2, v/v) (34) . For determination of the concentrations of lipids in liver, samples of the lipid extracts were dried and the lipids dissolved using Triton X-100 (35) . Concentrations of cholesterol and TAG in plasma and lipoproteins and those of liver were determined using enzymic reagent kits (catalogue no. 1·1300 99 90 314 and 1·5760 99 90 314; DiaSys Diagnostic Systems, Holzheim, Germany).
Measure of insulin and glucagon concentration in plasma
Concentration of plasma insulin was determined by an enzyme-linked immunoassay using a commercially available rat insulin ELISA kit (EIA-2048; DRG Instruments, Marburg, Germany). The detection limit of insulin was 12·2 pmol/l. The concentration of plasma glucagon was determined by RIA using a commercially available rat RIA kit (GL-32K; Linco Research, St Charles, MO, USA) with a detection limit of 5·8 pmol/l.
Real-time PCR analysis
Total RNA was isolated from rat livers with TRIZOLe reagent (Invitrogen, Karlsruhe, Germany) according to the manufacturer's protocol. RNA concentration and purity were estimated from the optical density at 260 and 280 nm, respectively. Total RNA (1·2 mg) was subjected to first-strand cDNA synthesis at 428C for 60 min using M-MuLV RT (MBI Fermentas, St Leon-Rot, Germany) and oligo dT18-primer (Operon Biotechnologies, Cologne, Germany). The relative mRNA quantities of ABC-A1, ACAT (EC 2.3. . Real-time detection PCR was performed with 1·25 U Taq DNA polymerase (Promega, Mannheim, Germany), 500 mM-dNTP and 26·7 pmol of the specific primers (Operon Biotechnologies). Sequences and annealing temperatures of the primers used for real-time PCR are presented in Table 3 . For determination of mRNA concentration a threshold cycle (C t ) and amplification efficiency were obtained from each amplification curve using the software RotorGene 4·6 (Corbett Research). The housekeeping gene GAPDH was used for normalisation. The mRNA concentration of GAPDH was not influenced by experimental conditions.
Statistics
Data were analysed by two-way ANOVA using the Minitab Statistical Software (Minitab, State College, PA, USA). Classification factors were type of protein (lupin protein v. casein) and type of diet (normolipaemic diet v. hypercholesterolaemic diet), and the interaction of both factors (type of protein £ type of diet). Levene's test was used to check for homoscedasticity. In cases, of unequal variances, logarithmic transformation was applied to obtain homogeneity of variances. P values for treatment factors and interactions are reported, and the significance level was set at P, 0·05. For significant interaction, individual means of the treatment groups were compared by Tukey's multiple comparison test. Means were considered significantly different at P, 0·05.
Results
Food intake, body and liver weights
Each rat received exactly 21·5 g food/d during the entire experimental period. Initial and final body weights were similar in all groups of rats (Table 4) . Rats fed the hypercholesterolaemic diet had higher liver weights than animals fed the normolipaemic diet (P,0·01). Liver weight was not affected by the type of dietary protein (Table 4) .
Concentration of TAG in liver, plasma and lipoproteins
There was a significant effect of the type of protein (P, 0·01), and the type of diet (P, 0·01), and an interactive effect of both factors (P,0·01), on the concentration of TAG in liver (Table 4) . Rats fed the hypercholesterolaemic diet had higher concentrations of TAG in liver than rats fed the normolipaemic diet. Among rats treated with the hypercholesterolaemic diet, lupin protein-fed animals had 45 % lower TAG concentrations in their livers than rats fed casein. Among normolipaemic rats, lupin protein had no significant effect on TAG concentration in liver compared with casein. Rats fed the hypercholesterolaemic diet had lower concentrations of plasma TAG than rats fed the normolipaemic diet (P, 0·01; Table 4 ). The type of protein did not influence plasma TAG, and there was no significant interaction between the type of protein and the type of diet on plasma TAG (Table 4) . The concentration of TAG in VLDL þ chylomicrons was influenced by the type of dietary protein (P, 0·05), and there was an interaction between the type of protein and the type of diet (P, 0·01) on this parameter (Table 4) . Hypercholesterolaemic rats fed lupin protein had 52 % lower TAG concentrations in the VLDL þ chylomicrons than hypercholesterolaemic rats GTTTTGGGGAGGAAATTGAT  AACCATCCACAGCAACCTTC  162  60  ACAT  GCAACATTTCCGAACCATCT  GTCTGGTAGGGCAGAAGCAG  201  60  ACO  CTTTCTTGCTTGCCTTCCTTCTCC  GCCGTTTCACCGCCTCGTA  415  60  apoA5  CAGACCCTGTCCCACAAACT  GGTCAATGGCCTGAGTGAAT  235  60  CPT-1a  GGAGACAGACACCATCCAACATA  AGGTGATGGACTTGTCAAACC  416  60  CYP4A1  CAG AATGGAGAATGGGGACAGC  TGAGAAGGGCAGGAATGAGTGG  460  65  CYP7A1  CAAGACGCACCTCGCTATCC  CCGGCAGGTCATTCAGTTG  206  60  FAS  AGGTGCTAGAGGCCCTGCTA  GTGCACAGACACCTTCCCAT  281  60  GAPDH  GCATGGCCTTCCGTGTTCC  GGGTGGTCCAGGGTTTCTTACTC  337  60  GPAT  CAGCGTGATTGCTACCTGAA  CTCTCCGTCCTGGTGAGAAG  194  60  G6PDH  AGCCTCCTACAAGCACCTCA  TGGTTCGACAGTTGATTGGA  213  60  HL  TCCCACCACAAGTACA  TCAGCCAGGGCATTATTTTC  167  60  HMG-CoA reductase  AAGGGGCGTGCAAAGACAATC  ATACGGCACGGAAAGAACCATAGT  406  57  LCAT  CTGGCTTTTGGCAAGACCTAC  TACCAGTCCTGCCAGCTTCT  191  60  LDL receptor  AGAACTGCGGGGCCGAAGACAC  AAACCGCTGGGACATAGGCACTCA  490  65  LPL  TCCCACCACAACGAAGTACA  TCAGCCAGGGCATTATTTTC  205  60  LXR  TGATGCTGAATTTGCTCTGC  GGCTCACCAGCTTCATTAGC  185  60  SCD1  CCAGAGCGTACCAGCTTTTC  TTACCCACTTCGCAAGCTCT  195  60  SR-BI  GGTGCCCATCATTTACCAAC  GCTTGCTTCTTGCAGTACC  155  60  SREBP-1c  GGAGCCATGGATTGCACATT  AGGAAGGCTTCCAGAGAGGA  191  60  SREBP-2  ATCCGCCCACACTCACGCTCCTC  GGCCGCATCCCTCGCACTG  214  65 ABC, ATP-binding cassette transporter; ACAT, acyl-CoA cholesterol acyltransferase; ACO, acyl-CoA oxidase; CPT-1a, carnitine palmitoyltransferase 1a; CYP4A1, cytochrome P450 4A1; CYP7A1, cholesterol 7a-hydroxylase; FAS, fatty acid synthase; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; GPAT, acyl-CoA:glycerol-3-phosphate acyltransferase; G6PDH, glucose-6-phosphate dehydrogenase; HL, hepatic lipase; HMG-CoA, 3-hydroxy-3-methylglutaryl CoA; LCAT, lecithin:cholesterol acyltransferase; LPL, lipoprotein lipase; LXR, liver X receptor; SCD1, stearoyl-CoA desaturase-1; SR-BI, class B type I scavenger receptor; SREBP, sterol regulatory element-binding protein. fed casein. Lupin protein compared with casein had no effect on the concentration of VLDL þ chylomicron TAG in rats fed the normolipaemic diet. The type of diet did not influence the concentrations of TAG in VLDL þ chylomicrons (Table 4) .
Concentration of cholesterol in liver, plasma and lipoproteins
There was a significant effect of the type of protein (P,0·01) and the type of diet (P, 0·01), and a significant interactive effect of both factors (P, 0·05) on the concentration of cholesterol in liver (Table 4) . Rats fed the hypercholesterolaemic diet had higher liver cholesterol concentrations than rats fed the normolipaemic diet. Hypercholesterolaemic rats fed lupin protein had 53 % higher concentrations of cholesterol in liver than hypercholesterolaemic rats fed casein (Table 4) . Lupin protein did not alter the liver cholesterol concentration in rats fed the normolipaemic diet. The concentration of cholesterol in plasma was influenced by the type of diet and was higher in rats fed the hypercholesterolaemic diet than in rats fed the normolipaemic diet (P,0·01; Table 4 ). The type of protein did not influence the concentration of plasma cholesterol; no interaction between the type of protein and the type of diet was observed (Table 4) .
Lupin protein did not alter the concentration of cholesterol in VLDL þ chylomicrons ( Table 4 ). The concentration of cholesterol in VLDL þ chylomicrons was significantly higher in rats fed the hypercholesterolaemic diet than in rats fed the normolipaemic diet (P,0·01; Table 4 ). No interaction between the type of protein and the type of diet was observed.
The concentration of LDL-cholesterol was influenced by the type of protein (P, 0·05) and the type of diet (P, 0·01), but no interaction between these two factors was observed (Table 4) . Rats fed the hypercholesterolaemic diet had higher concentrations of LDL-cholesterol than rats fed the normolipaemic diet (Table 4) . Lupin protein lowered the concentration of LDL-cholesterol compared with casein ( Table 4) .
The concentration of HDL-cholesterol was not influenced by the type of protein or the type of diet (Table 4) .
Concentrations of insulin and glucagon in plasma
The concentrations of insulin and glucagon in rat plasma were not influenced by the type of dietary protein or the type of diet (Table 4 ).
Hepatic mRNA concentrations of genes involved in fatty acid synthesis
The relative concentration of the transcription factor SREBP1c in liver was influenced by the type of protein (P, 0·01) and the type of diet (P, 0·01), and there was an interaction between these two factors (P, 0·05; Fig. 1 ). The hypercholesterolaemic diet increased hepatic mRNA levels of SREBP-1c compared with a normolipaemic diet when rats were fed casein, but not when rats were fed lupin protein. Lupin protein compared with casein lowered the mRNA level of hepatic SREBP-1c in hypercholesterolaemic rats but not in normolipaemic rats. Lupin protein down regulated the relative mRNA concentrations of the SREBP-1c target genes G6PDH (P,0·05), FAS (P, 0·01), SCD1 (P, 0·01) and GPAT (P,0·01) compared with casein (Fig. 1) . Rats fed the hypercholesterolaemic diet had higher mRNA levels of SCD1 (P,0·05) and GPAT (P, 0·05) than rats fed the normolipaemic diet. Relative mRNA concentrations of G6PDH and FAS were not influenced by the type of diet. No interaction between these two factors on the SREBP-1c target genes was observed.
Hepatic mRNA concentrations of genes involved in TAG hydrolysis
There was a significant effect of the type of protein on the mRNA concentrations of LPL (P, 0·05), HL (P,0·01) and apoA5 (P, 0·01) in liver, which were up regulated in rats fed lupin protein compared with rats fed casein (Fig. 2) . The relative mRNA concentration of HL was up regulated in rats fed the hypercholesterolaemic diet compared with rats fed the normolipaemic diet (P, 0·01; Fig. 2 ). The mRNA concentrations of LPL and apoA5 were not influenced by the type of diet. There was also no interaction between the type of protein and the type of diet on any of these genes.
Hepatic mRNA concentrations of PPARa-regulated genes involved in fatty acid oxidation
There was no effect of the type of protein and the type of diet on the mRNA concentrations of acyl-CoA oxidase, carnitine palmitoyltransferase-1a, and cytochrome P450 4A1 (Table 5 ).
Hepatic mRNA concentrations of genes involved in cholesterol and bile acid metabolism
Hepatic mRNA concentrations of ABC-A1 (P, 0·05), ACAT (P,0·01), CYP7A1 (P, 0·01), LXR (P, 0·05) and SR-B1 (P, 0·01) were higher in groups fed the hypercholesterolaemic diet than in groups fed the normolipaemic diet (Table 5 ). Rats treated with the hypercholesterolaemic diet had about 35 % lower hepatic mRNA concentrations of HMG-CoA reductase than rats fed the normolipaemic diet (P, 0·05; Table 5 ). Relative mRNA concentrations of LCAT, LDL receptor and SREBP-2 remained unaffected by the type of diet (Table 5) . When rats were fed the lupin protein the mRNA concentration of SR-B1 (P, 0·01) was lower and the mRNA concentration of ABC-A1 (P, 0·01) was higher compared with rats fed casein ( Table 5) . Relative mRNA concentrations of ACAT, CYP7A1, HMG-CoA reductase, LCAT, LDL receptor, LXR and SREBP-2 remained unaffected by the dietary protein (Table 5 ). There were no interactive effects of both factors on the hepatic mRNA concentrations of any of these genes (Table 5) .
Discussion
In the present study we were able to demonstrate that lupin protein significantly lowers the concentrations of TAG in the liver and TAG-rich lipoproteins compared with casein. The hypotriacylglycerolaemic effect of lupin protein on VLDL þ chylomicrons was observed in hypercholesterolaemic but not in normolipaemic rats. Although the reduction of TAG concentration in VLDL þ chylomicrons of hypercholesterolaemic rats fed lupin protein was not reflected in a statistically significant reduction of TAG in plasma, it can be stated that lupin protein has hypotriacylglycerolaemic action in rats fed a hypercholesterolaemic diet. This supports the recent finding of Sirtori et al. (9) where lupin protein was capable of lowering circulating TAG in rats fed a hypercholesterolaemic diet. It is possible that larger amounts of lupin protein up to 20 % in the diet would have lowered the concentration of TAG more strongly than 5 % and that this reduction would have been reflected in reduced levels of plasma TAG. Our gene expression data strongly suggest that the TAG-lowering effect of lupin protein might be caused by an alteration of 1 (D) ; acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT) (E). Total RNA was extracted from rat livers and SREBP-1c, G6PDH, FAS, SCD1 and GPAT mRNA concentrations were determined by real-time detection RT-PCR analysis using glyceraldehyde-3-phosphate-dehydrogenase mRNA concentration for normalisation. mRNA concentrations of the genes are shown relative to those of rats fed the normolipaemic diet with casein ( ¼ 1·00). Data were analysed by two-way ANOVA. Classification factors were type of protein (protein), type of diet (diet) and the interaction between both factors (protein £ diet). For significant interaction, individual means of the treatment groups were compared by Tukey's multiple comparison test. Values are means (n 12), with standard deviations represented by vertical bars. For SREBP-1c, the effect of protein was significant (P, 0·01), the effect of diet was significant (P, 0·01) and the effect of protein £ diet was significant (P, 0·05). For G6PDH, the effect of protein was significant (P, 0·05); the effects of diet and protein £ diet were NS (P . 0·05). For FAS, the effect of protein was significant (P, 0·01); the effects of diet and protein £ diet were NS (P . 0·05). For SCD1, the effect of protein was significant (P, 0·01), the effect of diet was significant (P, 0·05) and the effect of protein £ diet was NS (P . 0·05). For GPAT, the effect of protein was significant (P, 0·01), the effect of diet was significant (P, 0·05) and the effect of protein £ diet was NS (P. 0·05).
a,b Values with unlike letters are significantly different (P, 0·05; Tukey's multiple comparison test).
mRNA transcript levels of genes involved in the de novo synthesis of fatty acids, as well as genes associated with TAG hydrolysis. SREBP-1c, a well-known key regulator of fatty acid and TAG synthesis in the liver by activation of the transcription of genes encoding fatty acid synthesis enzymes (23) , was down regulated by lupin protein in the present study. Although we did not measure the mature fraction of SREBP-1c in the nucleus, the reduced expression of the SREBP-1c-regulated genes G6PDH, FAS, SCD1 and GPAT strongly suggests a diminished lipogenesis via SREBP-1c. The present study therefore proposes that lupin protein lowered fatty acid synthesis in the liver compared with casein by inhibiting the SREBP-1c-mediated gene expression of lipogenic enzymes. The down regulation of G6PDH, FAS, SCD1 and GPAT in the liver of lupin protein-fed rats was stronger in rats fed the hypercholesterolaemic diet than in rats fed the normolipaemic diet, and could be the reason for the hypotriacylglycerolaemic effect of lupin protein in hypercholesterolaemic rats, but not in normolipaemic rats. The observed effect of lupin protein on SREBP-1c-regulated genes is consistent with previous findings on the effects of soya protein (3, 7, 8, 36, 37) . Soya and lupin belong to the same plant family and were characterised by a similar protein content and composition. The main difference between lupin seeds and soya beans are the amounts of isoflavones, which were shown to be extremely low in the lupin protein isolate used for the present study compared with the relatively high amounts that usually occur in soya protein. Based on these data, we may conclude that the effect of legumes on TAG metabolism is primarily caused by the protein itself, rather than by the isoflavones.
Recent evidence shows that key genes involved in TAG homeostasis such as SREBP-1c are regulated by insulin (24) and findings of Ascencio et al. (7) indicate that soya protein down regulates SREBP-1c expression by modulating insulin concentration and the insulin:glucagon-ratio in serum. However, significant differences in plasma concentration of insulin and glucagon were not observed in the present study, although we are aware of the fact that a single measure of the hormone concentrations could not be as conclusive as the measurement of plasma insulin and glucagon at defined time-intervals after food according to a fixed time schedule and the determination of the areas under the insulin and glucagon curves.
The ability of lupin protein to down regulate mRNA levels of genes involved in fatty acid and TAG synthesis provides a plausible mechanism for the TAG-lowering effect. Another mechanism which might be responsible for the hypotriacylglycerolaemic action of lupin protein is the observed up regulation of mRNA coding for LPL, HL and apoA5. This effect was also stronger in hypercholesterolaemic rats than in normolipaemic rats. Each of these genes is involved in TAG hydrolyses. LPL catalyses the hydrolysis of TAG of circulating chylomicrons and VLDL. Although LPL is considered to be mainly an extrahepatic enzyme we can speculate that the observed up regulation of LPL mRNA concentration in the liver may also occur in other tissues. Besides its classical function, LPL can perform a non-catalytic bridging function that allows it to bind simultaneously to both lipoproteins and specific cell-surface proteins, including receptors for LDL and VLDL (for a review, see Goldberg (38) ). HL, the second enzyme up regulated by lupin protein, also functions as a lipolytic enzyme that hydrolyses TAG and phospholipids present Fig. 2 . Effect of lupin protein (A) compared with casein (B) on the relative mRNA concentrations of genes involved in TAG hydrolysis in the liver of rats fed a normolipaemic or hypercholesterolaemic diet: lipoprotein lipase (LPL) (A); hepatic lipase (HL) (B); apoA5 (C). Total RNA was extracted from rat livers and LPL, HL and apoA5 mRNA concentrations were determined by real-time detection RT-PCR analysis using glyceraldehyde-3-phosphate-dehydrogenase mRNA concentration for normalisation. mRNA concentrations of the genes are shown relative to those of rats fed the normolipaemic diet with casein ( ¼ 1·00). Data were analysed by two-way ANOVA. Classification factors were type of protein (protein), type of diet (diet) and the interaction between both factors (protein £ diet). Values are means (n 12), with standard deviations represented by vertical bars. For LPL, the effect of protein was significant (P, 0·05); the effects of diet and protein £ diet were NS (P . 0·05). For HL, the effects of protein and diet were significant (P, 0·01); the effect of protein £ diet was NS (P . 0·05). For apoA5, the effect of protein was significant (P, 0·001); the effects of diet and protein £ diet were NS (P . 0·05).
in circulating plasma lipoproteins and, similar to LPL, it also serves as a ligand facilitating lipoprotein uptake by cell-surface receptors (26) . In vitro studies have demonstrated that HL enhances the binding or uptake of chylomicrons, VLDL, LDL (39) and HDL-cholesterol (40, 41) . Another gene up regulated by lupin protein was apoA5, a newly identified apolipoprotein which is predominantly expressed in the liver. It is an important determinant of plasma TAG levels and has been found to accelerate VLDL catabolism by activating intravascular TAG hydrolysis via enhancement of binding between lipoproteins and proteoglycans at the vascular wall and activation of proteoglycan-bound LPL (42) and enhancing VLDL removal from the plasma (43 -45) . The findings of the present study strongly suggest that lupin protein not only down regulates genes involved in fatty acid synthesis, but also accelerates TAG degradation in plasma via up regulation of genes responsible for TAG hydrolysis and uptake.
Although we do not know by what mechanism lupin protein increases the mRNA levels of these genes, it is possible that the up regulation of apoA5 was caused by the down regulated SREBP-1c, since SREBP-1c has recently been reported to down regulate apoA5 gene expression by binding directly to the functional E-box in the promoter (46) . It is further known that activation of PPARa is related to up regulation of apoA5 (47, 48) . However, we suggest that PPARa activation can be ruled out as a potential cause of the increased apoA5 mRNA levels because data of the present study show that mRNA concentration of PPARa target genes such as carnitine palmitoyltransferase-1a, cytochrome P450 4A1 and acyl-CoA oxidase were not altered by the dietary protein.
Another interesting result from the present study was the effect of lupin protein on cholesterol metabolism of rats fed the hypercholesterolaemic diet. The concentration of cholesterol in liver was significantly increased in response to the lupin protein compared with casein, whilst the concentration of LDL-cholesterol in plasma was reduced. However, it is difficult to compare the present results with those obtained from a recent lupin study by Sirtori et al. (9) because in that study lipoprotein cholesterol was demonstrated as LDL-plus VLDL-cholesterol. We are also aware of the fact that in rats fed high amounts of cholesterol the lipoprotein fraction with a density between 1·006 and 1·063 kg/l contained not only LDL but also HDL, which predominantly appeared in the fraction at a density between 1·006 and 1·030 kg/l together with the LDL, while in normolipaemic rats most of the LDLcholesterol appeared in the fraction at the density between 1·030 and 1·063 kg/l (49) . Due to the fact that a characterisation of the plasma lipoproteins on the basis of density classes is of only limited validity, further studies in which the concentrations of apolipoproteins will be measured are necessary to assess the effect of proteins on atherogenic or non-atherogenic lipoproteins. In order to examine possible mechanisms for the lupin protein-mediated alterations of the cholesterol levels in liver and lipoproteins we measured the mRNA concentration of genes involved in cholesterol synthesis, cholesterol uptake, reverse cholesterol transport and bile acid synthesis. The LDL receptor is a major regulator of circulating LDLcholesterol (50) . Sirtori et al. (9) have observed that protein from white lupin seed has hypocholesterolaemic action which might result from a stimulation of LDL receptor activity. The present study shows, however, that the LDL receptor was not altered at transcription level in response to the dietary lupin protein. A failing effect of lupin protein was also observed with HMG-CoA reductase, the key enzyme for cholesterol synthesis. Gene expression of LDL receptor and HMG-CoA reductase is SREBP-2 regulated (20 -22) , and the failing effect of lupin protein on expression of these genes is in contrast to a recent study with soyabean protein showing a strong reduction of SREBP-2, LDL receptor and HMG-CoA reductase in normolipaemic rats fed an isoflavone-poor soya protein compared with rats fed casein (8) . Moreover, other genes involved in cholesterol metabolism such as LCAT and ACAT were also not influenced at transcription levels by the lupin protein. We found that lupin protein had a significant up regulating effect on the mRNA concentrations of LPL and ABC-A1. Both are target genes of LXR and an increase of mRNA concentration of LPL and ABC-A1 could possibly reflect LXR activation. LXR has been identified as a positive regulator of CYP7A1 transcription, the initial and rate-limiting enzyme in conversion of cholesterol to 7a-hydroxylated bile acids (51) . The failing effect of lupin protein on mRNA of CYP7A1 together with the increased cholesterol concentration in livers of hypercholesterolaemic rats fed lupin protein are not indicative of stimulated bile acid formation. However, further studies have to be done in order to elucidate the bile acid excretion in response to feeding lupin protein.
In conclusion, the present study shows that lupin protein compared with casein had a TAG-lowering effect on plasma lipoproteins and liver which is at least in part mediated by down regulation of genes responsible for fatty acid synthesis and by up regulation of genes involved in TAG hydrolysis. The increased concentration of cholesterol in liver and the lower levels of LDL-cholesterol in rats fed the lupin protein compared with rats fed casein could not be explained on the basis of mRNA data. Possible mechanisms should therefore be elucidated in further studies. The observed reductions of circulating TAG and LDL-cholesterol in hypercholesterolaemic rats fed lupin protein compared with rats fed casein suggest possible health-promoting properties of lupin protein. The increased concentration of cholesterol in the liver observed in hypercholesterolaemic rats fed lupin protein together with reported cases of lupin allergy in humans, either as lupin allergy or as cross-reactivity to other legumes, especially groundnuts (52, 53) , could possibly limit the beneficial effect of lupin protein.
